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Control of tissue dimensions in multicellular organ-
isms requires the precise quantitative regulation of
mitotic activity. In plants, where cells are immobile,
tissue size is achieved through control of both cell
division orientation and mitotic rate. The bHLH tran-
scription factor heterodimer formed by TARGET OF
MONOPTEROS5 (TMO5) and LONESOME HIGHWAY
(LHW) is a central regulator of vascular width-
increasing divisions. An important unanswered ques-
tion is how its activity is limited to specify vascular
tissue dimensions. Here we identify a regulatory
network that restricts TMO5/LHW activity. We show
that thermospermine synthase ACAULIS5 antago-
nizes TMO5/LHW activity by promoting the accu-
mulation of SAC51-LIKE (SACL) bHLH transcription
factors. SACL proteins heterodimerize with LHW—
therefore likely competing with TMO5/LHW interac-
tions—prevent activation of TMO5/LHW target genes,
and suppress the over-proliferation causedby excess
TMO5/LHWactivity. Thesefindings connect two thus-
far disparate pathways and provide a mechanistic
understanding of the quantitative control of vascular
tissue growth.
INTRODUCTION
Plant vascular tissues have essential but complex functions. In
addition to mediating the transport of solutes, these tissues pro-
vide mechanical strength and stiffness (Lucas et al., 2013). Both
of these functions depend on the number of vascular elements
(strands, bundles) as well as on the size of each of these ele-
ments. In plants, tissuedimensions are regulated toa largedegree
through orientation of cell divisions. Because most plant organs,
including the root and stem, elongate by the addition of new cells432 Developmental Cell 35, 432–443, November 23, 2015 ª2015 Elsat the apical meristems, divisions that add cell files in the radial
dimension (periclinal cell divisions) define tissue width. Therefore,
periclinaldivisions inmeristemsareakeydeterminant for thewidth
of vascular tissues in primary growth. Similarly, secondary growth
of the vascular tissues (e.g., during wood formation) (Jouannet
et al., 2015; Nieminen et al., 2015) is equally driven by oriented,
periclinal divisions that add cells in the radial dimension.
Several genetic regulators have been shown to promote peri-
clinal cell division and, therefore, radial growth of the vascular
tissues. The cytokinin (CK) hormone response pathway is criti-
cally required for periclinal cell division in the vascular lineage
becausemutations in theCK receptors, includingARABIDOPSIS
HISTIDINE KINASE 4/CYTOKININ RESPONSE 1 (AHK4/CRE1),
or in the LONELY GUY (LOG) CK biosynthetic genes cause a
dramatic reduction in vascular tissue width (Ma¨ho¨nen et al.,
2000, 2006; Tokunaga et al., 2012). Furthermore, the auxin-regu-
lated bHLH transcription factor TARGET OF MONOPTEROS5
(TMO5) and its heterodimeric basic helix-loop-helix (bHLH) part-
ner LONESOME HIGHWAY (LHW), as well as their respective
homologs, are both necessary and sufficient for promoting peri-
clinal divisions in the vascular lineage. The obligate requirement
for the presence of TMO5 and LHW in the complex is evident in
that loss of either one of the partners causes a strong decrease
in the number of vascular cell files, whereas combined misex-
pression of both causes ectopic periclinal divisions and an
excess of cell files within and outside of the vascular tissues
(De Rybel et al., 2013; Ohashi-Ito and Bergmann, 2007; Ohashi-
Ito et al., 2013). Recently, the CK and TMO5/LHW components
were connected; analysis of direct transcriptional targets of the
TMO5/LHW dimer revealed that these transcription factors act
through promoting CK biosynthesis (De Rybel et al., 2014; Oha-
shi-Ito et al., 2014).
These results indicate that this pathway is important for
promoting vascular periclinal divisions, but the dramatic effects
of TMO5/LHW misexpression also demonstrate that the activity
of this transcription complex must be kept in check. An impor-
tant question, therefore, is how the activity of this complex is
limited to the small zone of the vascular meristem where pericli-
nal divisions occur.evier Inc.
There have not been many reports of mutants with excessive
vascular tissue size, but mutations in the ACAULIS5 (ACL5) gene
have been shown to induce over-proliferation of xylem vessel
elements in vascular bundles of inflorescence stems (Hanzawa
et al., 1997). This increase in vascular tissue size is accompanied
by severely dwarfed growth of the plant (Hanzawa et al., 1997).
At present, it is unclear how the ACL5 enzyme, which catalyzes
thermospermine biosynthesis (Knott et al., 2007), acts to limit
vascular tissue proliferation. A genetic screen for suppressors
of the dwarf phenotype of the acl5 mutant identified multiple
components involved in translation (RPL4, RPL10, and RACK1)
(Kakehi et al., 2015; Imai et al., 2008) as well as SUPPRESSOR
OF ACAULIS 51 (SAC51) (Imai et al., 2006), a bHLH transcrip-
tion factor whose accumulation seems to be promoted by ther-
mospermine through a still unidentified mechanism (Takano
et al., 2012). Despite the involvement of ACL5/SAC51 in vascular
development, it is not known how this regulatory module con-
nects to other components in vascular tissue growth, such as
the TMO5/LHW-CK pathway.
Here we identify the SAC51-LIKE (SACL) clade, composed
of SAC51 and three SAC51-like bHLH transcription factors,
as important negative regulators of the TMO5/LHW dimer. We
show that TMO5/LHW activates the transcription of SACL genes
and, therefore, activates a feedback mechanism that limits the
promoting vascular periclinal division activity. These results link
two so far unconnected pathways and provide a mechanism
for the quantitative control of vascular proliferation.
RESULTS
ACL5 Antagonizes TMO5/LHW Function in Controlling
Vascular Cell Divisions
The post-embryonic phenotype of plants overexpressing TMO5
and LHW includes not only an excess of vascular cell files in
roots (De Rybel et al., 2013; Ohashi-Ito et al., 2014) but also a
remarkable increase in cell division within leaf veins and the
vascular cylinder of the hypocotyl (Figures 1A–1D). This defect
resembles the reported ‘‘thickvein’’ phenotype and the over-pro-
liferation of vascular cells in stems and young hypocotyls caused
by loss of ACL5 function (Clay and Nelson, 2005; Hanzawa et al.,
1997), and, although with different architectures, the stature of
both TMO5/LHW overexpressors and acl5 mutant plants is
shorter than that of the wild-type (Figure S1). The possibility of
a functional connection between ACL5 and TMO5/LHW was
investigated by an in silico meta-analysis of published transcrip-
tomes for acl5 mutants (Tong et al., 2014), TMO5 induction (De
Rybel et al., 2014), and T5L1/LHW induction (Ohashi-Ito et al.,
2014). Despite the very different tissues and experimental condi-
tions under which the transcriptomes were obtained, there was a
set of 16 genes upregulated in acl5 and under at least one of
the other two conditions (Figure 1E). Included are transcription
factors associated with vascular development (such as ATHB8,
TMO5, and TMO5-LIKE1) and, notably, the CK biosynthesis
enzyme LOG4, which promotes cell divisions in the shoot apical
meristem (Chickarmane et al., 2012) and in developing vascular
cells (De Rybel et al., 2014; Ohashi-Ito et al., 2014). Consistent
with the enhanced expression of the cytokinin biosynthesis
gene LOG4, several cytokinin-regulated geneswere upregulated
in the acl5 mutant (Figure 1F).DevelopmeGiven the upregulation of LOG4 expression (Figure 1E), the
role of ACL5 and LHW in the development of xylem (Mun˜iz
et al., 2008; Ohashi-Ito et al., 2013), the overlapping expression
domains of ACL5 and TMO5/LHW in xylem cells (De Rybel et al.,
2013; Mun˜iz et al., 2008), and the over-proliferation defects of
vascular cells caused by both loss of ACL5 and gain of TMO5/
LHW function (Figures 1A–1D), it seems possible that ACL5
could serve as a control mechanism that prevents excessive
TMO5/LHW activity. In that case, genetic reduction of TMO5/
LHW dimer activity should alleviate the acl5 deficient phenotype.
Indeed, the severe impairment of stem elongation in acl5
mutants (Hanzawa et al., 1997; Hanzawa et al., 2000) was
partially suppressed in an acl5 lhw double mutant background
(Figure 2A). Similarly, the increased number of vascular cells in
acl5 hypocotyls was reverted in the presence of the lhwmutation
to wild-type levels (Figures 2B–2F). The epistasis of LHW over
ACL5 was also evident when examining vascular cell number
in roots. The lhw mutant shows a reduced number of vascular
cells, resulting in roots that present single phloem and xylem
poles (Ohashi-Ito and Bergmann, 2007; Figures 2G and 2I). Con-
trary to this effect, we found an increase in the average number of
xylem cells of acl5 roots (Figures 2G and 2H), whereas the dou-
ble acl5 lhw mutant behaved as the single lhw mutant (Figures
2G–2K). These results indicate that the acl5-dependent vascular
cell over-proliferation throughout the plant depends on LHW
activity. Consistent with this, we confirmed that the overlap
between ACL5 and TMO5/LHW targets revealed by transcrip-
tomic meta-analysis, in fact, reflected a functional connection
because the upregulation of LOG4 and at least two additional
targets observed in acl5was largely reverted in the acl5 lhw dou-
ble mutant (Figures 2L–2N).
Translational Regulation of AJAX/SACL bHLH Proteins
Controls Vascular Cell Division
The identity of ACL5 as a thermospermine synthase (Knott et al.,
2007) does not provide an immediate molecular mechanism by
which it would limit TMO5/LHW activity. To identify possible ele-
ments downstream of ACL5 that would act as regulators of
TMO5/LHW, we screened for extragenic mutations that would
suppress the acl5 short stem phenotype (see Experimental Pro-
cedures for details). Ten dominant mutants were isolated in the
M1 generation that displayed a reverted high stature and were
named ajax. As expected, not only was stem elongation restored
in the acl5 ajax doublemutants (Figure 3A), but, also, the vascular
cell over-proliferation defects in the hypocotyl (Figures 3B and
3C), leaves (Figures 3D and 3E), and roots (Figure S2) were
largely corrected by the presence of ajax mutations.
Positional cloning of ajax1-14 and ajax2-31 revealed that these
mutations affect an upstream open reading frame (uORF) in the
50 UTR of At5g64340 (AJAX1) and At1g29950 (AJAX2), respec-
tively, encoding two members of group XIV bHLH family tran-
scription factors (Toledo-Ortiz et al., 2003; Figure S3). AJAX1 is
allelic to SAC51, a previously reported suppressor of acl5 (Imai
et al., 2006), and AJAX2 was previously named SACL3 (Kakehi
et al., 2010). Therefore, from now on, we will refer to these genes
asSAC51 andSACL3. A distinctive attribute of the fourmembers
of this clade is the presence of a long 50 UTR with small uORFs
(Figure S3), which, at least in the case ofSAC51, has been shown
to negatively modulate the translation of the main ORF (Imaintal Cell 35, 432–443, November 23, 2015 ª2015 Elsevier Inc. 433
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Figure 1. Overexpression ofTMO5 and LHW
Resembles Loss of ACL5 Function
(A and B) TMO5/LHW overexpressors display
the ‘‘thickvein’’ phenotype characteristic of the acl5
mutant (ClayandNelson, 2005). Scalebars, 100mm.
(A) The third true leaf of Col-0, acl5, and pRPS5A-
TMO5pRPS5A-LHWwasselectedandclearedwith
chloral hydrate.
(B) Sections across the main vein of the third true
leaf of the same genotypes.
(C) Representative sections across 12-day-old hy-
pocotyls. Scale bars, 100 mm.
(D) Number of cells within the hypocotyl vascular
cylinders of 12-day-old seedlings. Means ± SD are
represented, and different letters show significantly
different means (Tukey’s HSD, p < 0.05).
(E) Overlap between the sets ofmisregulated genes
in acl5 7-day-old seedlings (blue) (Tong et al., 2014),
Arabidopsis culture cells after conditional induction
of LHW-T5L1 (red) (Ohashi-Ito et al., 2014), and
roots of 4-day-old seedlingTMO5 induction (yellow)
(De Rybel et al., 2014). The 16 common genes be-
tween acl5 set and the other two sets are indicated.
(F) Four CK-responsive genes were also upre-
gulated in acl5. Expression was analyzed by
qRT-PCR in 7-day-old seedlings treated with either
0.5 mM trans-zeatin (tZ) for 16 hr or with 10 mM
benzyladenine (BA) for 2 hr. Means ± SD
are represented, and different letters show signifi-
cantly different means (Tukey’s HSD, p < 0.05).et al., 2006). We sequenced the genomic loci of SAC51,
SACL3, and the two closely related genes At5g09460
(AJAX3/SACL1) and At5g50010 (SACL2) (Kakehi et al., 2010)
in the remaining ajax mutants and found that they all contained
point mutations in the equivalent uORFs in SAC51, SACL3, and
SACL1 but not in SACL2 (Figure 3F). Interestingly, three of the
ten new alleles generated a stop codon in the predicted
sequence of the uORF, similar to the sac51-d mutant (Imai434 Developmental Cell 35, 432–443, November 23, 2015 ª2015 Elsevier Inc.et al., 2006). All other alleles represented
amino acid substitutions in conserved
positions of the uORF (Figure 3F), sug-
gesting that translational control by the
uORF might rely on the biological activ-
ity of the encoded peptide, which could
act as a negative regulator of the SACL
main ORF translation.
Two pieces of evidence confirmed
that the dominant nature of the ajax al-
leles was caused by increased translation
of the main ORF encoding the SACL
bHLH transcription factor. First, constitu-
tive expression of only the main ORF of
SACL3 restored the wild-type phenotype
in acl5mutant plants (Figure 3G). Second,
an in vitro transcription-translation assay
using chimeric SACL3 mRNAs in wheat
germ extracts indicated that the main
ORF was only translated when no small
uORF preceded the main ORF or whenthe preceding small uORF contained missense or nonsense mu-
tations (Figure 3H).
SACL Proteins Are Direct Inhibitors of LHW Activity
Given that the over-proliferation of vascular cells and other asso-
ciated defects observed in acl5 are suppressed by gain-of-func-
tion mutations in SACL genes, we hypothesized that the SACL
proteins are necessary to control cell division during vascular
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Figure 2. LossofLHWFunctionSuppresses
the Vasculature-Related Defects of acl5
(A) The dwarfism caused by acl5 is partially
suppressed by lhw. Shown are pictures of repre-
sentative individuals of each genotype.
(B–E) Representative sections across the hypo-
cotyl of 12-day-old wild-type (B), acl5 (C), lhw (D),
and lhw acl5 (E) seedlings. Scale bars, 100 mm.
(F) Number of cells within the vascular cyl-
inder of the hypocotyls of 12-day-old seedlings.
Means ± SD are represented, and different let-
ters show significantly different means (Tukey’s
HSD, p < 0.05).
(G–J) Suppression by lhw of the over-proliferation
of root vascular cells in acl5. Representative
images of wild-type (G), acl5 (H), lhw (I), and
lhw acl5 (J) roots are shown after basic fuchsin
staining of 4-day-old seedlings. Images were
taken 0.75 mm below the hypocotyl-root junction.
(K) Values represent the average of xylem
cells ± SD, and different letters show significantly
different means (Tukey’s HSD, p < 0.05).
(L–N) The upregulation in acl5 of three putative
target genes is suppressed by lhw. The graphs
correspond to a single representative experiment.
Means ± SD are represented, and different letters
show significantly different means (Tukey’s HSD,
p < 0.05).development, probably by restricting activity of the TMO5/LHW
complex.
To investigate this hypothesis, we first examined the extent of
the overlap in the gene expression domains of TMO5, LHW, and
SACL genes. TMO5 and its homologs are expressed in young xy-
lem cells of the root meristem, whereas LHW and its homologs
are more broadly expressed (De Rybel et al., 2013; Ohashi-Ito
and Bergmann, 2007; Ohashi-Ito et al., 2013). Accordingly,
transcriptional reporters for all four SACL genes expressing a
triple nuclear GFP under the control of the corresponding
promoters (pSACL::n3GFP) displayed vascular-specific accu-
mulation in the root (Figures 4A–4D). Deletion of the uORF
(pSACLDuORF::n3GFP) did not change the expression domains,
and only the intensity of GFP fluorescence increased, possibly
because translational repression by the uORF had been elimi-
nated (Figures 4E–4H). The enhanced expression in these lines
alsoallowedamorepreciseanalysis of geneexpressionpatterns.
Although SAC51 is more broadly expressed within the vascular
cylinder (Figures 4A and 4E), SACL1 expression is restricted to
the protophloem poles (Figures 4B and 4F), SACL2 expression
marks cambial cells (Figures 4C and 4G), and SACL3 is ex-
pressed in xylem and pericycle (Figures 4D and 4H). Importantly,
exogenous application of thermospermine to the pSACL::n3GFP
lines also caused an expansion of the expression domain of
at leastSAC51,SACL1, andSACL3 (Figures S4A–S4H), suggest-Developmental Cell 35, 432–443, Ning that the accumulation pattern of
these SACL proteins is also established
by the local availability of endogenous
thermospermine.
The vascular-specific expression do-
mains of SACL, LHW, and TMO5 werealso observed in aerial parts of the plant, such as hypocotyls
(Figures S4I–S4N). Moreover, specifically SACL3was expressed
during embryogenesis from the globular stage onward in provas-
cular initial cells (Figures 4I and 4J), again overlappingwith TMO5
and LHW expression domains (De Rybel et al., 2013).
SACLproteinsbelong to theclassof bHLH transcription factors
that lack a well-defined basic domain required for DNA binding
(Toledo-Ortiz et al., 2003). Their transcriptional regulation capac-
ity, therefore, may rely on their interaction with other bHLH tran-
scription factors. An immunoprecipitation followed by tandem
mass spectrometry (IP-MS/MS) identified SAC51 and SACL3
(Table S1) as interacting in vivo with LHW (De Rybel et al.,
2013), whereas, in vitro, interaction between SACL3 and LHW
has also been shown previously in a yeast two-hybrid (Y2H)
screening (Ohashi-Ito and Bergmann, 2007). These data strongly
suggest that the SACL proteins directly interact with LHW, which
we confirmed by Y2H for all SACL proteins (Figure 5A) and by
Fo¨rster resonance energy transfer (FRET), measured by fluores-
cence lifetime imaging (FLIM) using SACL3-sCFP3A and LHW-
sYFP2 fusion proteins expressed in a transient Arabidopsis leaf
mesophyll protoplast system (Figure 5B).
Given the identity of the SACL proteins as bHLH transcrip-
tion factors, we examined their presence in the nucleus using
Nicotiana benthamiana leaves agroinfiltrated with constitu-
tively expressed GFP-tagged versions of all four SACL proteins.ovember 23, 2015 ª2015 Elsevier Inc. 435
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Figure 3. Dominant Mutations in SACL
Genes Encoding bHLH Transcription Fac-
tors Suppress the Defects Caused by acl5
(A) Adult plant phenotype of representative ajax
suppressors.
(B)Numberofcellswithin thevascularcylinderof the
hypocotyls of 12-day-old seedlings. Means ± SD
are represented, and different letters show signifi-
cantly different means (Tukey’s HSD, p < 0.05).
(C) Representative sections of 12-day-old hypo-
cotyls in which ajax mutations suppress the
vascular cell over-proliferation caused by acl5.
Scale bars, 100 mm.
(D and E) Representative images of the third leaf
of the different genotypes after chloral hydrate
clearing (D) and cross sections of the main vein in
the same leaves (E). Scale bars, 100 mm.
(F) Conserved uORF peptides from the four
SACL 50 UTRs, indicating the mutant suppressing
alleles. Black amino acids represent conserved
positions, blue and red amino acids represent
amino acid change mutations that suppress acl5
mutant, blue ones are amino acid changes (new
amino acid is indicated in brackets), and red ones
are stop codons.
(G) Suppression of the acl5 dwarfism by over-
expression of the main SACL3 ORF.
(H) An in vitro transcription-translation assay of
the main SACL3 ORF alone or including wild-type
or mutant versions of the small uORF. The first
lane corresponds to the Coomassie-stained lad-
der. The asterisk represents an unspecific band
that served as a loading control.AlthoughSACL2-GFPcouldnotbedetected, all otherSACL fusion
proteins showed a nuclear localization (Figures 4K–4O). Interest-
ingly, SACL3-GFPwas alsodetected in the cytoplasm (Figure 4O),
resembling the dual localization of LHW (Figure 4L;DeRybel et al.,
2013). Because of the nuclear localization of SACL proteins in
this system, further Nicotiana benthamiana transient expression
assays were performed to test the effect of SACL3 on the tran-
scriptional activity of LHWusing firefly luciferase under the control
of the LOG4 promoter (pLOG4::LUC) as a reporter. As expected
from the ability of LHW to bind the LOG4 promoter (De Rybel
etal., 2014;Ohashi-Itoetal., 2014),agroinfiltrationofLHWinduced
expression of the LOG4 reporter, and this effect was enhanced by436 Developmental Cell 35, 432–443, November 23, 2015 ª2015 Elsevier Inc.TMO5 (Figure 5C). However, co-infiltration
of increasing doses of SACL3 gradually
reduced the ability of LHW to upregulate
the LOG4 reporter (Figure 5C). Vice versa,
increasingdosesof TMO5gradually allevi-
ated inhibition of LHW by SACL3 (Fig-
ure 5C). These results suggest that SACL
proteins not only bind LHW directly but
that they are also able to inhibit TMO5/
LHW activity.
TMO5/LHW Activity Is Modulated
by SACL Proteins In Vivo
To evaluate the effect of this inhibitory
mechanismonTMO5/LHWactivity invivo,we decided to first identify molecular targets of SACL proteins
and then examine them in the different genetic backgrounds.
Given that the biological activity of SACL proteins is more clearly
observed in the acl5mutant background, we constructed trans-
genic plants expressing the main ORF of the SACL3 gene under
the control of a heat shock-inducible promoter (Matsuhara et al.,
2000) in acl5 (pHS::SACL3) and subsequently determined tran-
script profiles (Table S2). According to the tests performed to
examine the induction kinetics and the temporal accumulation
pattern of the SACL3 protein (Figure S5A), a 30-min treatment
at 37C and two sampling times (1 and 4 hr after the beginning
of the heat shock) were selected for transcript profiling and the
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Figure 4. SACL Genes Show Vasculature-
Specific Expression Patterns
(A–H) Expression of a nuclearly localized version
of GFP in roots (n3GFP) driven by 3 kb of the
promoters of the four SACL genes with (A–D) or
without (E–H) the corresponding 50 uORF. Optical
transverse sections are shown below the corre-
sponding longitudinal sections.
(I and J) GFP expression driven by the SACL3
promoter in a late globular (I) and late heart stage
(J) embryo.
(A–J) False colorscale images with the highest
expression in red and lowest in blue. Scale bars,
20 mm. Asterisks indicate endodermal cells, and
arrows indicate the xylem axis.
(K–O) Subcellular localization of constitutively ex-
pressed GFP-tagged versions of TMO5, LHW, and
three SACL proteins after agroinfiltration in Nico-
tiana benthamiana leaves.identification of putative primary targets of SACL3. A total of
614 differentially expressed genes were identified in the acl5
mutant, of which only 1% were significantly corrected after
1 hr of SACL3 induction. The number of genes altered in
acl5 but restored to wild-type levels by SACL3 still increased
to 6% after 4 hr and 47% in the acl5 sacl3-31 (Figures S5C–
S5E), indicating that short-time induction of SACL3 allows
the identification of likely primary targets and that most of
the transcriptional defects caused by loss of ACL5 function
are due to reduced levels of SACL proteins. More importantly,
among the putative primary targets of SACL3 were several
genes involved in vascular development, including LOG4
(Figure 5D). These results indicate that the SACL3 protein
regulates relevant TMO5/LHW targets involved in vascular
development in vivo. To confirm that increased SACL protein
levels can suppress the defects caused by TMO5/LHW
overexpression, we introduced the pHS::SACL3 construct in
a TMO5/LHW misexpression background (pRPS5A::TMO5/
pRPS5A::LHW). Just as in the acl5 mutant background, induc-
tion of SACL3 was able to reduce the expression levels of
LOG4 (Figure 6A).
To investigate the extent of the suppression by SACL proteins
of TMO5/LHW overexpression with respect to vascular develop-
ment, we analyzed hypocotyl (Figures 6B–6H) and root (Figure 6I)
vascular anatomy in the same TMO5/LHW misexpression lines
carrying pRPS5A::SACL constructs. As expected, overexpres-
sion of SACL genes was able to reduce the effect of excessiveDevelopmental Cell 35, 432–443, NTMO5/LHW dimer activity (Figures 6B–
6H), confirming that SACL proteins
restrict TMO5/LHW activity in vivo to
achieve proper cell division levels during
vascular development.
In this model, overexpression of SACL
genes should result in TMO5/LHW loss-
of-function phenotypes. Indeed, overex-
pression of any of the four SACL genes
(p35S::SACL) in a wild-type background
resulted in a strong reduction in vascular
cell divisions in the root (Figures 7A–7E)and a high proportion of individuals with monarch vascular pat-
terns and loss of protoxylem (Figure S6), mimicking t5-t5l1-
t5l2-t5l3 quadruple or lhw-ll1 double mutant phenotypes (De Ry-
bel et al., 2013). A similar defect was found in the aerial parts of
the p35S::SACL lines, resulting in defective venation patterns in
cotyledons (Figure 7F) and severely dwarfed plants phenocopy-
ing the higher-order tmo5 and lhw loss-of-function mutants (Fig-
ure S7). These combined data show that SACL proteins act as
direct repressors of TMO5/LHW activity in vivo.
Intriguingly, previousmicroarray experiments have shown that
SACL genes were potential targets of TMO5 (De Rybel et al.,
2014), and we confirmed by qRT-PCR that SACL1-3 was up-
regulated by dexamethasone in a TMO5-GR line even in the
presence of cycloheximide (Figure 7G). The negative feedback
loop formed in this way ensures that this intricate regulatory
mechanism keeps TMO5/LHW activity in check, allowing normal
vascular development (Figure 7H).
DISCUSSION
Because of their sessile nature and lack of cell mobility, plants
have to rely on strictly controlled cell division orientation for
proper three-dimensional growth and development. Particularly
in organs with a defined main growth axis (roots, stems), divi-
sions perpendicular to the axis (periclinal) can increase the width
of the organ when these divisions occur in the meristematic
tip. A key question, therefore, is how zones of periclinal divisionovember 23, 2015 ª2015 Elsevier Inc. 437
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Figure 5. Modulation of the Transcriptional Activity of LHW by SACL Proteins
(A) Yeast two-hybrid assays with the four SACL proteins fused to the GAL4 activation domain (AD) and LHW fused to the GAL4 binding domain (BD). Selection
was performed in medium lacking histidine and supplied with 20 mM 3-AT to avoid LHW-BD auto-activation.
(B) Average fluorescence lifetime (in nanoseconds) analysis for quantification of FRET measured by FLIM demonstrates direct interaction between SACL3-
sCFP3A and LHW-sYFP2. IAA10-YFP was used as a negative control. Means ± SD are represented, and different letters show significantly different means
(Tukey’s HSD, p < 0.05).
(C) Transactivation assay of LOG4 by LHW and TMO5 in agroinfiltrated Nicotiana benthamiana leaves, showing the repression caused by increasing amounts of
co-infiltrated SACL3 and the competition with TMO5. Values represent the relative activity of firefly luciferase under the control of the LOG4 promoter versus the
control Renilla luciferase and are the average of three technical replicates in one of the three experiments performed. The numbers at the bottom correspond to
the relative levels of each of the co-infiltrated genes. Means ± SD are represented, and different letters show significantly different means (Tukey’s HSD, p < 0.05).
(D) Heatmap summarizing the expression changes (induction in red, repression in blue) of the genes induced in acl5 but corrected in any of the conditions with
increased SACL3 activity. The first row has dye swap data.are specified to reach proper organ width. Here we identify a
mechanism that limits width-increasing periclinal divisions in
the vascular tissues. Two pathways have been shown previously
to control the radial growth of the vascular tissues. The TMO5/
LHW bHLH dimer promotes local CK biosynthesis that controls
periclinal divisions in neighboring cells (De Rybel et al., 2014;
Ohashi-Ito et al., 2014), whereas the thermospermine synthase
ACL5 is required to limit stem vascular tissue expansion (Mun˜iz
et al., 2008). Here we show that these two pathways are molec-
ularly linked. ACL5 promotes the translation of SACL proteins
that are able to bind to LHW and act as negative regulators438 Developmental Cell 35, 432–443, November 23, 2015 ª2015 Elsof TMO5/LHW dimer activity. Interestingly, although ACL5 is
conserved in the whole plant kingdom (Minguet et al., 2008),
the TMO5, LHW, and SACL clades are conserved in the tracheo-
phyte lineage (Figure S3), suggesting that this regulatory module
may be intrinsically linked to the origin of vascular tissues.
TMO5, LHW, and ACL5 are all expressed in the xylem cells of
the vascular bundle (De Rybel et al., 2013; Mun˜iz et al., 2008;
Ohashi-Ito and Bergmann, 2007). The fact that SACL genes
appear biochemically similar and that they show specific expres-
sion patterns in the vascular bundle (whole bundle, xylem, proto-
phloem, mostly cambium) provides a mechanism to control cellevier Inc.
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Figure 6. Suppression by SACL3 of the Vasculature-Related Defects Caused by TMO5/LHW Overexpression
(A) Expression levels of LOG4 in pRPS5A::TMO5 pRPS5A::LHW with or without pHS::SACL3. Ten-day-old seedlings were exposed to 37C for 30 min, and
samples were collected 3 hr and 30 min after heat shock. Three independent lines are shown with reduction in LOG4 expression levels. Means ± SD are rep-
resented, and different letters show significantly different means (Tukey’s HSD, p < 0.05).
(B–G) Representative sections of 12-day-old hypocotyls in pRPS5A::TMO5 pRPS5A::LHW pRPS5A::SACL (D, SAC51; E, SACL1; F, SACL2; G, SACL3)
compared with the Col-0 control (B) and pRPS5A::TMO5 pRPS5A-LHW (C). Scale bars, 100 mm.
(H) Number of cells within the vascular cylinder of the hypocotyls of 12-day-old seedlings. Means ± SD are represented, and different letters show significantly
different means (Tukey’s HSD, p < 0.05).
(I) Quantification of the distribution of vascular cell file number in roots of the indicated lines.divisions on a tissue-specific level. However, if SACL proteins
act only on TMO5/LHW dimer activity, then this also suggests
that this feedback control mechanism does not act outside of
the xylem domain. However, the broader expression of LHW
(De Rybel et al., 2013; Ohashi-Ito and Bergmann, 2007) and its
negative regulators (SACL genes) within the vascular tissues rai-
ses the interesting possibility that LHW has still unknown func-
tions outside the xylem domain. Likewise, the acl5mutant shows
defects that are not induced by TMO5/LHW misexpression. For
example, acl5 lacks specific cell types like metaxylem and fiber
elements (Mun˜iz et al., 2008). Moreover, acl5 also shows early
vascular differentiation and cell death (Mun˜iz et al., 2008). This
opens up the possibility that ACL5 and SACL could also modu-
late the activity of other transcription factor modules besides the
TMO5/LHW module. Systematic screening for transcription fac-
tors interacting with the SACL proteins should help resolve this
question.DevelopmeExcess TMO5/LHW activity results in massive over-prolifera-
tion, whereas loss of function results in a reduction of periclinal
cell divisions (De Rybel et al., 2013; Ohashi-Ito and Bergmann,
2007; Ohashi-Ito et al., 2013). Strict control of TMO5/LHW activ-
ity in space and time is therefore crucial for normal development.
Perhaps not surprisingly, control of TMO5/LHW activity appears
to be multifaceted. First, auxin triggers an incoherent feedfor-
ward loop by inducing both TMO5 (Schlereth et al., 2010) and
its corresponding ACL5-dependent repressing module (Han-
zawa et al., 2000). Part of this regulation could be exerted via
ATHB8 as described previously (Baima et al., 2014). Second,
thermospermine synthesized by ACL5 inhibits the translational
repression of SAC51 (Imai et al., 2006; Takano et al., 2012)
and, presumably, other SACL proteins, therefore increasing
their protein levels. Third, SACL proteins interact with LHW
and inhibit the activity of the TMO5/LHW dimer. Given that no in-
teractions could be detected between TMO5 and SACL proteinsntal Cell 35, 432–443, November 23, 2015 ª2015 Elsevier Inc. 439
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Figure 7. SACL Overexpression Reduces Cell Division during Vascular Development
(A–E) Images of representative roots (top row) and reconstruction of optical cross-sections (bottom row) showing the reduction in cell number in p35S::SACL lines
(B, SAC51; C, SACL1; D, SACL2; E, SACL3) relative to the wild-type (A). Asterisks indicate endodermal cells.
(F) Defective vasculature in the cotyledons of the same lines.
(G) Relative expression levels of the four SACL genes in pRPS5A::TMO5:GR treated with mock (control), 10 mM dexamethasone (DEX), 10 mM cycloheximide
(CHX), or a combination of CHX andDEX for 1 hr. Bars represent SE.Means ± SD are represented, and different letters show significantly different means (Tukey’s
HSD, p < 0.05).
(H) Model representing the proposed interaction network in which the ACL5/SACL module controls TMO5/LHW-dependent vascular cell proliferation.in IP-MS/MS (De Rybel et al., 2013), it is plausible that SACL pro-
teins are competitive inhibitors that displace TMO5 in the TMO5/
LHW complex. Irrespective of the exact mode of inhibition, the
thermospermine-SACL pathway suppresses vascular periclinal
divisions. At the same time, TMO5/LHW promotes the expres-
sion of SACL genes, likely by direct activation of their promoters.440 Developmental Cell 35, 432–443, November 23, 2015 ª2015 ElsTherefore, this transcription complex activates its own inhibitor,
forming a dedicated negative feedback module. Similar feed-
back modules operate in several hormone signaling pathways.
For example, the AUXIN RESPONSE FACTORS (ARFs) activate
the expression of Aux/IAA genes, whose protein products bind
to and inhibit the ARFs, therefore limiting transcriptional outputevier Inc.
after an initial auxin response (Reed, 2001). It appears that
the two negative regulatory mechanisms that control activity
of the TMO5/LHW dimer are potentially linked. In poplar, the
ACL5 ortholog suppressed auxin accumulation, whereas auxin
promoted ACL5 expression (Milhinhos et al., 2013). Likewise,
because the auxin-dependent TMO5 and T5L1 transcripts
are upregulated in the acl5 mutant (Figure 1E), a similar mode
of regulation might act in Arabidopsis. Furthermore, because
TMO5 andACL5 expression are direct outputs ofMONOPTEROS
(MP) and auxin response (Schlereth et al., 2010) and loss of MP
function is largely epistatic over acl5 (Tong et al., 2014), there
are likely intricate connections between transcriptional and trans-
lational control in this pathway. However, precise quantitative
analysis and perhaps modeling will be required to understand
the dynamics of this system.
The network identified here accounts for the quantitative
control of vascular tissues in the root, hypocotyl, and leaf, which
are all the result of primary vascular tissue development. How-
ever, in Arabidopsis as in other species, vascular tissues can un-
dergo dramatic increases in width upon activation of vascular
cambiumduring secondary growth (Etchells et al., 2015). Several
genetic regulators of secondary growth have been identified and
ordered in networks (Fisher and Turner, 2007; Hirakawa et al.,
2008, 2010; Ito et al., 2006). At present, there is no strong indica-
tion that factors controlling secondary growth in Arabidopsis
likely act in primary vascular tissue development. However, it
is possible that the basic modules for promoting periclinal cell di-
vision are re-activated during secondary growth. It will therefore
be interesting to determine which parts of the network described
here are recruited to quantitatively control vascular tissue growth
during secondary growth.
EXPERIMENTAL PROCEDURES
Plant Material and Treatments
All seeds were surface-sterilized, sown on solid MS plates, and stratified for
2 days before growing at a constant temperature of 22C in a growth room.
Arabidopsis thalianamutants are listed in the Supplemental Experimental Pro-
cedures. Dexamethasone and cycloheximide treatments were performed as
described previously (De Rybel et al., 2013). Trans-zeatin and N6-benzylade-
nine treatments were performed as described previously (Marı´n-de la Rosa
et al., 2015).
Microscopic Analysis
The cleared leaf histological analysis was performed as described previ-
ously (Sieburth, 1999). For paraffin transverse sections, leaves were fixed in
PBS containing 4% paraformaldehyde by vacuum infiltration for 5 min. Sam-
ples were dehydrated in consecutive ethanol solutions up to 70% ethanol.
Samples were embedded in paraffin using a Leica TP1020 tissue processor.
Sections were cut in a Microm microtome, stained with toluidine blue at
0.02%, and observed with a Nikon Eclipse E600microscope. For the thin-resin
hypocotyl sections, histological procedures were as described previously
(Carbonell-Bejerano et al., 2010). For the root basic fuchsin staining, roots
from 4-day-old seedlings were stained as described previously (Ma¨ho¨nen
et al., 2000). Roots were analyzed under a Zeiss AX10 confocal microscope.
All photos were taken from 0.75 mm of the hypocotyl-root limit. For the hypo-
cotyl localization of the pSACL-n3GFP, pTMO5-n3GFP, and pLHW-n3GFP
reporters, 4-day-old etiolated seedlings were analyzed under a Leica TCS
SL confocal microscope. The root and embryo localization of pSACL-n3GFP
was performed as described previously (Llavata-Peris et al., 2013) using a
Leica SP5 system with hybrid detectors. The localization of SACL, TMO5,
and LHW in Nicotiana benthamiana leaves was performed as described previ-
ously (Locascio et al., 2013).DevelopmeqRT-PCR Analysis
qRT-PCR analyses and primers are described in detail in the Supplemental
Experimental Procedures.
Mapping of ajax Suppressor Mutants
The screening, mapping, and cloning of ajax/sacl suppressors are described in
detail in the Supplemental Experimental Procedures.
Cloning and Constructs
All constructs and primers used in this study are summarized in the Supple-
mental Experimental Procedures.
In Vitro Transcription-Translation
For the in vitro transcription, 10 mg of the pSP64 plasmid was linearized with
EcoRI, and the transcription reaction was performed with 3 mg of linearized
plasmid, 20 units of SP6 RNA polymerase (Roche); 20 units of RNase inhib-
itor (Roche); 2 ml of 103 buffer; and 0.5 mm ATP, guanosine triphosphate
(GTP), cytidine triphosphate (CTP), and uridine triphosphate (UTP). The reac-
tion mixture was incubated for 2 hr at 37C. 20 units of DNaseI (Roche) were
added and incubated for 30 min at 37C.
In vitro translation was performed with 12 mg of RNA, 12 ml of Wheat Germ
Extract Plus (Promega), and 0.5 ml of Fluorotect Green Lys tRNA (Promega).
The reaction mixture was incubated for 2 hr at 25C. The products were sepa-
rated by SDS-PAGE in a 12% acrylamide gel, which was scanned using a
Typhoon TRIO (Amersham Biosciences).
Alignment and Phylogenetic Analysis
All sequencesused in this studyare summarized inTableS3. Theywereobtained
from previous work (Hayden and Jorgensen, 2007; Pires and Dolan, 2010;
Toledo-Ortiz et al., 2003) or found by BLAST analysis using the uORFS and the
main ORF of the Arabidopsis SACL genes as baits in the NCBI (http://www.
ncbi.nlm.nih.gov) and Phytozome (http://www.phytozome.net) databases. The
alignment of the sequences was done with CLUSTALX software (Thompson
et al., 1997), and the phylogenetic tree was constructed with FigTree software
(http://tree.bio.ed.ac.uk/software/figtree/). The different subfamilies of bHLH
were divided based on previous studies (Pires and Dolan, 2010).
Yeast Two-Hybrid Assays
The ORFs of SAC51, SACL1, SACL2, and SACL3were fused to the GAL4 acti-
vation domain by cloning them into pDEST22 (Invitrogen), and the ORFs of
LHW were fused to the GAL4 binding domain by cloning them into pDEST32
(Invitrogen). Assays were performed in the yeast strain AH109 (Clontech
Laboratories). Yeasts were tested for interactions in synthetic dextrose/-
Leu/-Trp/-His medium plus 3-amino-1,2,4-triazole (3-AT).
Protein Extraction and Western Blot
Protein extraction and western blot analysis were performed as reported pre-
viously (Alabadı´ et al., 2008).
Transcript Profiling and Data Analysis
Microarray data have been deposited in the NCBI’s GEO (Edgar et al., 2002)
and are accessible through GEO series accession number GSE70157 (http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE70157). More information
is available in the Supplemental Experimental Procedures.
FRET-FLIM
FRET-FLIM analysis in Arabidopsis leaf mesophyll protoplasts was performed
as described previously (Bu¨cherl et al., 2013; De Rybel et al., 2013) with minor
modifications. Details are described in the Supplemental Experimental
Procedures.
Nicotiana benthamiana Transcriptional Assays
The ORFs of LHW and TMO5 were cloned into the pEarlyGate 201 vector, and
the SACL3 ORF was cloned into pEarlyGate 104. All of these construct were
inserted into Agrobacterium tumefaciens C58 cells. The reporter line pGreenII
0800 + LOG4 promoter was inserted into Agrobacterium tumefaciens C58 +
pSOUP cells. All transient expression assays were performed as described
previously (Marı´n-de la Rosa et al., 2014).ntal Cell 35, 432–443, November 23, 2015 ª2015 Elsevier Inc. 441
Statistical Analysis
To ensure the existence of significant differences between the averages of
the different samples, one-way ANOVA was performed for each experiment,
discarding the null hypothesis (the means of all samples are equal). To define
the differences between different samples, a post hoc Tukey honest significant
difference (HSD) pairwise comparison was done. All calculations were done at
http://statistica.mooo.com/OneWay_Anova_with_TukeyHSD, except for data
in Figure 5C (withmore than the tenmaximum treatments accepted by theweb
page), for which the calculations were done in an Excel tab following the in-
structions from the same web page. All raw data and statistical analysis are
available in Table S4.
ACCESSION NUMBERS
The accession number for the microarray data reported in this paper is GEO:
GSE70157.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and four tables and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2015.10.022.
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